Abstract. To understand the process and mechanism of protein evolution, it is important to know what types of amino acid substitutions are more likely to be under selection and what types are mostly neutral. An amino acid substitution can be classified as either conservative or radical, depending on whether it involves a change in a certain physicochemical property of the amino acid. Assuming Kimura's two-parameter model of nucleotide substitution, I present a method for computing the numbers of conservative and radical nonsynonymous (amino acid altering) nucleotide substitutions per site and estimate these rates for 47 nuclear genes from mammals. The results are as follows. (1) The average radical/ conservative rate ratio is 0.81 for charge changes, 0.85 for polarity changes, and 0.49 when both polarity and volume changes are considered. (2) The radical/conservative rate ratio is positively correlated with the nonsynonymous/synonymous rate ratio for charge changes or when both polarity and volume changes are considered. (3) Both the conservative/synonymous rate ratio and the radical/synonymous rate ratio are lower in the rodent lineage than in the primate or artiodactyl lineage, suggesting more intense purifying selection in the rodent lineage, for both conservative and radical nonsynonymous substitutions. (4) Neglecting transition/transversion bias would cause an underestimation of both radical and conservative rates and the ratio thereof. (5) Transversions induce more dramatic genetic alternations than transitions in that transversions produce more amino acid altering changes and among which, more radical changes.
Introduction
The 20 amino acids can be classified into groups according to their physicochemical properties such as charge, polarity, and volume. Amino acid substitutions within groups are called conservative substitutions whereas those between groups are radical. For example, with respect to the amino acid charge in physiological environments, a substitution from lysine to arginine is called a conservative substitution because the original and resultant amino acids are both positively charged, but a substitution from lysine to isoleucine is radical because the resultant isoleucine is neutral (uncharged). It has been known for a long time that there are more conservative amino acid substitutions than radical substitutions in terms of charge or polarity in protein evolution (Zuckerkandl and Pauling 1965; Epstein 1967; Clarke 1970; Dayhoff et al. 1972) . This difference in quantity is usually explained by a higher intensity of purifying selection on radical mutations than on conservative mutations.
However, the genetic code table is of such a structure that a random mutation is more likely to be conservative than radical if it is nonsynonymous (amino acid altering) (Goldberg and Wittes 1966; Epstein 1966 Epstein , 1967 . Therefore, to investigate whether radical amino acid changes are more likely to be deleterious than conservative changes, one has to consider the underlying pattern of nucleotide mutations.
By assuming the nucleotide mutation (substitution) model of Jukes and Cantor (1969) , Hughes et al. (1990) developed a method for computing the rates of conservative and radical substitutions, i.e., the number of conservative nonsynonymous nucleotide substitutions per conservative nonsynonymous site and the number of radical nonsynonymous nucleotide substitutions per radical nonsynonymous site between two homologous gene sequences. In practice, however, the rate of transitional nucleotide substitution is often greater than that of transversional substitution (known as the transition/transversion bias or transition bias), violating the assumption of the Jukes-Cantor model. Neglecting transition bias causes overestimation of the number of nonsynonymous sites (Li 1993; Ina 1995) and is expected to affect the estimation of the conservative and radical substitution rates as well. A method that takes into account the transition bias is therefore preferred.
A significantly higher rate of radical nonsynonymous substitution than conservative substitution has been taken as evidence for positive Darwinian selection on radical substitutions even without an observation of a significantly higher rate of nonsynonymous than synonymous substitution (Hughes 1992 (Hughes , 1994 Hughes and Hughes 1993) . This interpretation relies on the assumption that the intensity of purifying selection on radical substitutions is equal to or greater than that on conservative substitutions. The validity of this assumption as a general rule has not been thoroughly examined (Li et al. 1985) .
Comparison of the rates of synonymous substitution, conservative (nonsynonymous) substitution, and radical (nonsynonymous) substitution may also shed light on the verification of the nearly neutral theory (Ohta 1992) . It has been shown that the nonsynonymous/synonymous rate ratio varies among mammalian orders with a lower value for rodents and higher values for primates and artiodactyls (Ohta 1995) . It is therefore interesting to examine the conservative and radical substitution rates of genes from primates, artiodactyls, and rodents in order to see whether the intensities of purifying selection for these two classes of amino acid substitutions vary among the three evolutionary lineages.
In this article, I first extend Hughes and co-workers' (1990) method of computing the conservative and radical substitution rates by considering transition bias. I then compute these rates for 47 nuclear genes of mammals to examine whether the radical substitution rate is smaller than the conservative rate, as generally believed. Finally, I compare the conservative and radical substitution rates of the 47 genes in the primate, rodent, and artiodactyl lineages and discuss the results in the light of the nearly neutral theory.
Data and Methods

Sequence Data
I analyzed DNA sequences of 47 nuclear genes of mammals. For each gene, three orthologous sequences from a primate, an artiodactyl, and a rodent were examined. These data sets were part of the 49 genes originally compiled and analyzed by Ohta (1995) . The opsin gene in the original compilation was not used here because the alignment was found to be unreliable (Yang and Nielsen 1998) . The interleukin-2 gene was not used because it has apparently been under positive selection (Zhang and Nei, unpublished) and therefore is unsuitable for examining the intensities of purifying selection on conservative and radical substitutions. Kimura's (1980) Model In this study, I considered three classifications of amino acids with respect to the (1) amino acid charge, (2) polarity, and (3) polarity and volume, respectively (Fig. 1) . In the following, I describe the method using the charge-based classification as an example. The 20 amino acids are classified into three groups, with group I (R, H, K) being positively charged, group II (D, E) being negatively charged, and group III (all other amino acids) being neutral. All amino acid substitutions within groups are referred to as conservative and between groups radical. For the ith codon of a DNA sequence m codons in length, I first compute the number of conservative nonsynonymous sites (c i ) for the codon, assuming that nucleotide substitutions follow Kimura's (1980) model. Here c i ‫ס‬ ∑ 3 j‫1ס‬ c ij , where c ij is the expected number of conservative nonsynonymous changes when a nucleotide change occurs at the jth (j ‫ס‬ 1, 2, or 3) position of the ith codon. The number (r i ) of radical nonsynonymous sites for codon i is computed similarly. As will be illustrated in an example, the computation of c i and r i is analogous to the computation of the numbers of synonymous and nonsynonymous sites in the modified Nei-Gojobori method (Nei and Gojobori 1986; Zhang et al. 1998) . It is obvious that c i + r i ‫ס‬ n i , where n i is the number of nonsynonymous sites for the ith codon. For example, a codon TTT has a n i of (3 + 2q)/(1 + q), where q is the ratio of transitions to transversions in Kimura's (1980) model (Zhang et al. 1998) . For this codon, c i ‫ס‬ 1 + 0 + 1/(1 + q) ‫ס‬ (2 + q)/(1 + q), because all possible nucleotide substitutions are conservative nonsynonymous if they occur at the first position of the codon TTT, none are conservative nonsynonymous if they occur at the second position, and transversions at the third position are conservative nonsynonymous. Obviously, r i ‫ס‬ n i − c i ‫ס‬ 1. It is interesting to note that in this case r i does not depend on q. So, for a TTT codon, when the transition bias is ignored, as by Hughes et al. (1990) , c i is overestimated but r i is not affected. The c i and r i are computed for every codon of the sequence and the total numbers of conservative (C) and radical (R) nonsynonymous sites of the sequence are obtained by C ‫ס‬ ∑ n i is the total number of nonsynonymous sites for the sequence. It is clear that when there is no transition bias (q ‫ס‬ 0.5), C and R values computed in the new method are identical to those obtained by Hughes and co-workers' (1990) method. It should be noted that some authors prefer using the transition/transversion rate ratio to the transition/transversion ratio q. These two quantities have the relationship of ‫ס‬ 2q under Kimura's model.
Computation of d C and d R Between Homologous Sequences Under
The numbers of conservative (C d ) and radical (R d ) nonsynonymous differences between two homologous sequences are computed as described by Hughes et al. (1990) . This computation is analogous to the computation of the numbers of synonymous and nonsynonymous differences in Nei and Gojobori's (1986) method. The proportion of conservative nonsynonymous differences and that of radical nonsynonymous differences are then computed as p C ‫ס‬ C d /C and p R ‫ס‬ R d /R, respectively, where C and R are the average numbers of conservative and radical sites of the two sequences in comparison. When p C and p R are small (say, less than 0.3), Jukes-Cantor's formula can be used to correct multiple hits. That is, d C ‫ס‬ 0.75ln[1 − (4p C /3)] and d R ‫ס‬ 0.75ln[1 − (4p R /3)]. In short, d C and d R are called the conservative and radical distances between two sequences, respectively, and can be interpreted as the numbers of conservative nonsynonymous substitutions per conservative nonsynonymous site and the number of radical nonsynonymous substitutions per radical nonsynonymous site. The variances of p C , p R , d C , and d R can be derived by an analogy to Ota and Nei's (1994) formulation. They are
where c di and r di are the numbers of conservative and radical nonsynonymous differences between the two sequences in the ith codon, respectively. Covariances of the distances can also be obtained similarly. It needs to be pointed out that the variances may be underestimated by the above formulas because the variance of q is assumed to be 0 in the computation. This underestimation, however, is likely to be trivial when the numbers of transitional and transversional differences between sequences are not too small.
Data Analysis
For the data sets used in this paper, the transition/transversion rate ratio for each gene has been estimated by Yang and Nielsen (1998) , and these estimates were used in the present analysis. After d C and d R are obtained for pairwise comparisons of the primate, artiodactyl, and rodent sequences of a gene, we can compute d C and d R for each branch of the phylogenetic tree of these sequences by using the least-squares method (see Rzhetsky and Nei 1993) . In the present case, the leastsquares solution is rather simple because there are only three sequences. Let us denote primates, artiodactyls, and rodents by P, A, and R, respectively. Let d C (PA), d C (PR), and d C (AR) be the pairwise conservative distances between P and A, P and R, and A and R, respectively, b C (P), b C (A), and b C (R) be the branch lengths in terms of the number of conservative substitutions per site for the three branches linking the interior node and the three present-day sequences, and b C (T) be the total branch length (Fig. 2) . Then
The corresponding quantities for radical nonsynonymous substitutions can be similarly derived. Because of stochastic errors, some branch lengths may be estimated to be negative and they are treated as zero in further analysis. Variances of branch lengths can also be estimated from the variances and covariances of pairwise distances. For example,
Results
Rates of Conservative and Radical Substitutions with Respect to Charge Changes
The numbers (b C and b R ) of conservative and radical nonsynonymous substitutions per site with respect to charge changes were estimated for the 47 genes for the three branches leading to primates, artiodactyls, and rodents, respectively (Table 1 , Fig. 1 ). For both conservative and radical substitutions, the branch of the rodent lineage is longer than that of the artiodactyl or primate lineages. Using a sign test (Sokal and Rohlf 1995, p. 444) , I found that these differences are statistically significant (Table 2 ). This result is consistent with the consensus that rodents diverged from primates and artiodactyls before the latter two diverged from each other. The branch of the artiodactyl lineage appears to be longer than that of the primate lineage for both conservative and radical substitutions (Table 1) , though the differences are not statistically significant (Table 2) . When the total branch length of the three-species tree is considered, the average number of radical substitutions per site [b R (T)] for the 47 genes is about 81.3% (13.65/ 16.79; Table 1 ) that [b C (T)] of conservative substitutions, and a sign test shows that the difference is highly significant (p < 0.0001). This indicates that on average, the rate of radical nonsynonymous substitution is lower than that of conservative substitution. For the 47 genes examined, the ratio [(T)] of b R (T) to b C (T) varies from 0.22 to 1.22, with a mean of 0.73 and a standard error of 0.24. I also compared for each branch of the tree. Let us use X to denote the average of a quantity X for the 47 genes. The values of (P), (A), and (R) are then 0.75, Table 3 . Number of conservative and radical substitutions per site for the evolutionary lineages of primates (P), artiodactyles (A), and rodents (R): Polarity changes are considered Gene No. Table 2) . Because the numbers of conservative and radical changes are rather small for some genes, estimates of may have large sampling errors. We therefore computed b R /b C for the three branches. These values are 0.78 (3.45/ 4.41), 0.81 (4.39/5.40), and 0.83 (5.81/6.99) for primates, artiodactyl, and rodents, respectively. We also computed b C and b R values for each branch by taking into account the sequence length of each gene. That is, we weighted individual b C and b R values by the numbers of conservative and radical sites of the gene, respectively. In this case, we obtained weighted b R /b C ratios of 0.82, 0.87, and 0.84, respectively, for the primate, artiodactyl, and rodent lineages. By using the estimated b C and b R values for individual genes, we estimated that the total numbers of conservative substitutions for all 47 genes are 959, 1203, and 1604 for the three lineages, respectively, and the total numbers of radical substitutions are 482, 638, and 825, respectively. Using Fisher's exact test (see Zhang et al. 1997) , we found that the ratios of the number of radical substitutions to that of conservative substitutions are not significantly different between any pair of the three lineages. These results suggest that the radical/conservative rate ratios are similar among the lineages.
Rates of Conservative and Radical Substitutions with Respect to Polarity
I computed b C and b R with respect to polarity changes of amino acids (Fig. 1) for the primate, artiodactyl, and rodent lineages (Table 3) . Again, b(R) is significantly greater than b(A) and b(P) for both conservative and radical substitutions (Table 4 ). In addition, b(A) is found to be significantly greater than b(P) for radical substitutions. For conservative substitutions, however, b(A) is greater than b(P) with the difference being statistically insignificant (Table 4) .
When the total branch length of the tree is considered, , and a sign test shows that the difference is highly significant (p < 0.0001). This means that, on average, the radical nonsynonymous substitution rate is lower than the conservative nonsynonymous rate with respect to polarity. For the 47 genes examined, the ratio [(T)] of b R (T) to b C (T) varies from 0.41 to 5.02, with a mean of 0.93 and a standard error of 0.67. The values of (P), (A), and (R) are 0.82, 0.99, and 0.87, respectively (Table 3) , and their differences are not statistically significantly (sign tests; Table 4 
Rates of Conservative and Radical Substitutions with Respect to Polarity and Volume
According to Miyata and co-workers' (1979) classification of amino acids (Fig. 1) , which is based on the polarities and volumes of amino acid residues, we computed b C and b R for the 47 genes (Table 5) . We found that b(R) is significantly greater than b(P) for both conservative and radical substitutions (Table 6 ). The difference between b(P) and b(A) and that between b(A) and b(R), however, are not significant for either conservative or radical substitutions (Table 6 ).
The average number of radical substitutions per site [b R (T)] is about 49.3% (11.80/23.94; Table 5 ) that [b C (T)] of conservative substitutions, and their difference is highly significant (sign test, p < 0.0001). This suggests that, on average, the rate of radical nonsynonymous substitution is lower than the rate of conservative substitution with regard to the present classification of amino acids. For the 47 genes examined, (T) varies from 0.15 to 0.73, with a mean of 0.46 and a standard error of 0.14. We also compared the values for each branch of the tree. The values of (P), (A), and (R) are 0.47, 0.53, and 0.46, respectively. A sign test suggests that the values are not significantly different among the three branches (Table 6 ). The values of b R /b C are 0.45 (2.92/ 6.54), 0.48 (3.75/7.76), and 0.53 (5.12/9.63), for the pri- 
Rates of Synonymous and Nonsynonymous Substitutions
It will be interesting to compare the rates of conservative and radical nonsynonymous substitutions with the rate of synonymous substitution for the 47 genes used in this article. Ohta (1995) estimated the synonymous rates for these genes using Ina's (1995) method and Yang and Nielsen (1998) recently reestimated them using a maximum-likelihood method. To be comparable with the estimates of the conservative and radical substitution rates presented above, I estimated the synonymous and nonsynonymous rates (Table 7 ) using the modified NeiGojobori method (Zhang et al. 1998) , which takes into account the transition bias in the same way as in the computation of d C and d R .
The estimates of the branch lengths in terms of nonsynonymous substitutions (b N ) are similar to those obtained by Ohta (1995) and Yang and Nielsen (1998) . For the branch lengths in terms of synonymous substitutions (b S ), my estimates and Ohta's are quite close, and both are, in general, smaller than Yang and Nielsen's. For comparison of the branch lengths of the primate, artiodactyl, and rodent lineages, however, all three methods gave similar results. For example, I obtained b S (P) ‫ס‬ 0.14, b S (A) ‫ס‬ 0.18, and b S (R) ‫ס‬ 0.34 for the 47 genes. These numbers are in the proportion of 0.64:0.82:1.55, similar to the previous estimates of 0.57:0.87:1.57 (Yang and Nielsen 1998) and 0.61:0.82:1.58 (Ohta 1995) . It should be pointed out that Yang and Nielsen used one more gene (interleukin-2) than the 47 genes used here, and Ohta used two more genes (interleukin-2 and opsin). The sign test shows that the b S values are significantly different between each pair of the three branches (Table  8) Yang and Nielsen (1998) and 0.75:0.97:1.28 of Ohta (1995) . The sign test shows that the difference in the nonsynonymous branch length is significant between the primate and the rodent lineages and between the artiodactyl and the rodent lineages. A sign test suggests that is significantly smaller in the rodent lineage than in the primate or artiodactyl lineage (Table 8 ). The same conclusion was obtained when a Fisher's exact test was used for the estimated total numbers of synonymous and nonsynonymous substitutions of the 47 genes for the three branches.
Discussion
Is the Rate of Radical Substitution Lower Than That of Conservative Substitution?
For all three classifications of amino acids considered, nonsynonymous nucleotide substitutions that change the physicochemical properties of amino acids occur with a lower rate than those that do not change the properties. This result is consistent with the common wisdom that physicochemical properties of amino acids are relevant to protein functions and that radical changes are more likely to be subject to purifying selection than conservative ones. For instance, the radical substitution rate is about half of the conservative rate when amino acids are classified by polarity and volume. This means that under this classification, a conservative nonsynonymous mutation is on average twice as likely to be neutral as a radical one. The fact that radical mutations are more likely to be under purifying selection than conservative mutations may suggest that radical mutations are also more likely to contribute to evolutionary changes in protein function if fixed. It is, however, somewhat surprising that the difference between the rates of conservative and radical substitutions with respect to either charge or polarity is quite small. The radical/conservative rate ratio is about 0.81 to 0.85. This mild difference suggests that the intensity of purifying selection is not substantially greater for radical changes than for conservative changes when charge or polarity is considered. This further suggests that charge or polarity alone may not be such a good property as previously thought in predicting functionally important substitutions.
The nonsynonymous/synonymous rate ratio is about 0.23. If we assume that a nonsynonymous mutation is either neutral or deleterious and that all synonymous mutations are neutral, we can infer that about 23% of the nonsynonymous substitutions are neutral and 77% are deleterious and therefore are removed from population. Since the rate of conservative nonsynonymous substitution with respect to charge is about 25% [b C (T)/b S (T) ‫ס‬ 16.79/66.62] of the rate of synonymous substitution, we can infer that about 25% of conservative nonsynony- mous mutations are neutral. For radical mutations, this number is about 21%. The corresponding values for the other two amino acid classifications are given in Table 9 . Although different proteins and different sites have distinct substitution patterns, the above numbers, derived from a total of 55,434 nucleotide sites of 47 genes, should provide a rough idea about the relative likelihood of a certain type of mutation being functionally relevant.
Can an Observation of > 1 Be Used as Evidence for Positive Selection?
As stated earlier, the 47 genes examined here are used as a sample of genes in which positive selection can be neglected. This assumption is probably valid because all 47 genes have (T) values lower than 1. For individual branches, however, the (P) values for interleukin 6 and Table 7 . Numbers of synonymous and nonsynonymous substitutions per site for the evolutionary lineages of primates (P), artiodactyles (A), and rodents (R)
Gene No. (Zhang et al. 1998) .
A significantly higher rate of radical nonsynonymous substitution than of conservative substitution (i.e., > 1) has been regarded as evidence for positive selection (Hughes 1992 (Hughes , 1994 Hughes and Hughes 1993) . In fact, an observation of > 1 can have two possible explanations. The first explanation is that positive selection favors radical changes to conservative changes and the other is that purifying selection somehow removes more conservative mutations than radical ones. Although we have shown that the average intensity of purifying selection is higher for radical substitutions than for conservative substitutions, the difference is small when the property of charge or polarity is considered. This provides the possibility of a higher intensity of purifying selection for conservative mutations than for radical mutations in some genes. For example, if a change in amino acid volume is prohibited at some positions in a protein structure, a conservative substitution with respect to charge such as Asn → Tyr may be prohibited because the two amino acids have different volumes, whereas a radical change (with respect to charge) such as Asn → Asp may be allowed because they have similar volumes. If there are many such sites in a protein, the overall intensity of purifying selection may be lower for radical substitutions than for conservative substitutions when charge changes are considered. Furthermore, the R/C ratio may be different among different regions of a sequence. Use of the average ratio over the whole sequence may give false impressions. For instance, if a sequence consists of two regions with R/C ‫ס‬ 70/100 for region I and R/C ‫ס‬ 40/100 for region II, and R d /C d ‫ס‬ 18/29 for region I and R d /C d ‫ס‬ 0/1 for region II, then for the whole sequence, we have R d /C d ‫ס‬ (18 + 0)/(29 + 1) > (70 + 40)/(100 + 100) ‫ס‬ R/C, whereas for each of the two regions R d /C d < R/C. Although this example appears extreme, it can happen. In fact, the R/C ratio for charge changes varies from 0.37 to 0.74 for the 47 genes examined. So, it seems that an observation of > 1 alone is not proof of positive selection. Nevertheless, such an observation does point to the likelihood of occurrence of positive selection, which may be further investigated.
We examined all 47 genes to see if there is any gene with (T) > 1. With respect to polarity and volume, there are no genes that have (T) > 1. For individual branches, although some values are slightly greater than 1, the null hypothesis of b C ‫ס‬ b R cannot be rejected in any of these cases. For example, b C (P) ‫ס‬ 0.0096 ± 0.0052 (1 SE) and b R (P) ‫ס‬ 0.0157 ± 0.0053 for the acetylcholine receptor ␣ gene, but the difference between b C (P) and b R (P) is not statistically significant (t ‫ס‬ 0.82 < t 0.05 ). For the classification according to charge, there are six genes with (T) > 1, but in no case is (T) significantly greater than 1. For individual branches, however, we found that (A) is significantly greater than 1 for the neurophysin II gene (t ‫ס‬ 1.87, p < 0.05) and the urokinase-plasminogen activator gene (t ‫ס‬ 2.40, p ‫ס‬ 0.01). Evolution of these two genes in the artiodactyl lineage might have been under positive selection, but more studies are needed to verify this hypothesis. For the classification according to polarity, there are eight genes with (T) > 1, among which (T) is significantly greater than 1 for the insulinlike growth factor 1 (t ‫ס‬ 1.87, p < 0.05) and 2 (t ‫ס‬ 2.02, p < 0.05) genes. In addition to these two genes, is significantly greater than 1 for the acid phosphatase type 5 gene in the artiodactyl lineage (t ‫ס‬ 1.74, p < 0.05). These three genes may be under positive selection and more studies are needed for verification.
Are and Correlated?
The nonsynonymous/synonymous rate ratio is a measure of the intensity of purifying selection when there is no involvement of positive selection. It will be interesting to examine whether the radical/conservative rate ratio is related with the selection intensity. We studied the correlation between (T) and (T) for the 47 genes. For the classification according to charge and that according to polarity and volume, there is a positive correlation between (T) and (T), with the correlation coefficients being 0.51 (p < 0.001) and 0.45 (p < 0.001), respectively (Figs. 3 and 4) . However, for the classification by polarity, there is no correlation between (T) and (T) (correlation coefficient ‫ס‬ −0.05, p > 0.5). Even after we remove all the genes whose (T) values are larger than 1, the correlation between (T) and (T) is rather weak (correlation coefficient ‫ס‬ 0.37, p ‫ס‬ 0.016). It should be pointed out that the slopes of the regression lines between (T) and (T) are smaller than 1, even though there is a significant correlation when charge or polarity and volume is considered (Figs. 3 and 4) . This suggests that (T) is not so sensitive to intensity of purifying selection as (T).
Is There Evidence for the Nearly Neutral Theory?
By comparing the synonymous and nonsynonymous substitution rates of 49 nuclear genes, Ohta (1995) found that the average value is higher for primates and artiodactyls than for rodents. In the above, we also showed that the difference in among the three lineages is statistically significant. This observation is not consistent with the neutral theory. It has been explained by Ohta (1995) to be consistent with the nearly neutral theory because (1) synonymous substitutions are generally neutral, but most nonsynonymous substitutions are thought to be slightly deleterious, (2) slightly deleterious mutations have a higher probability of fixation in small populations than in large ones, and (3) the effective population size for primates and artiodactyls is generally smaller than that for rodents (but see Nei and Graur 1984) . In this context, it is interesting to examine the rates of conservative and radical nonsynonymous substitutions in relation to the rate of synonymous substitution in primates, artiodactyls, and rodents. For all three classifications, we can see that the ratio b C /b S is significantly lower in rodents than in primates and artiodactyls (Table  9 ). The same pattern is observed for the ratio of b R /b S , though the difference between rodents and primates (or artiodactyls) is somewhat smaller. Also, in some cases the difference is not statistically significant (Table 9) , which is due partly to the large sampling error of b R . At any rate, the results suggest that for both conservative and radical nonsynonymous changes, the intensity of purifying selection is reduced in primates and artiodactyls compared to rodents, and the reduction seems to be more apparent for conservative substitutions than radical substitutions. We have shown that and are positively correlated when the property of charge or polarity and volume is considered. Therefore, one may expect to see a higher value of in primates and artiodactyls than in rodents. However, inconsistent patterns were observed for the relationships of the values in the three lineages. That is, we observed (A) > (P) > (R) for charge, (A) > (R) > (P) for polarity, and (A) > (P) ‫ס‬ (R) for polarity and volume. In none of these cases was the difference in among lineages statistically significant (Tables 2, 4 , and 6). Similarly, inconsistent patterns are observed when b R /b C or weighted b R /b C is compared among the three lineages, and in no comparisons was the difference statistically significant. This unexpected result may be explained by the fact that is not as sensitive to the purifying selection intensity as , as discussed earlier, and that the sampling variances of b C and b R are generally greater than those of b S and b N . If this explanation is correct, we might see a higher value of (P) and 
are examined by one-tail sign tests on the 47 genes and the results are shown in the P and A columns, respectively. Similar hypotheses for radical/synonymous rates are examined. *5% significance; **1% significance.
(A) than (R) when the number of genes studied is increased. Further studies are needed to explore this possibility.
Transition Bias and Estimation of d C and d R
In this paper, a method that takes into account the transition bias in computation of d C and d R has been introduced. This method is expected to give more accurate results than Hughes and co-workers' (1990) method if there is transition bias. However, it is unclear how different these two estimators are for real sequence data. Since the difference in these two methods is the computation of the numbers of conservative (C) and radical (R) sites, I compared the sums of C and R, respectively, between the two methods, for the 47 genes. The results are presented in Table 10 . For all three classifications, C and R are overestimated when the transition bias is neglected (in Hughes and co-workers' method). The bias, however, is much more serious for R than for C in all three classifications. As a result, d C , d R , and d R /d C are all underestimated in Hughes and co-workers' method. For example, in the classification according to charge, there is on average about 1.8% overestimation of C, but 11.1% overestimation of R. So, R/C is overestimated to an extent of 9.0%. This means that d R /d C will be underestimated to a similar extent. For the 47 genes used here, the average q value computed is approximately 1.5. Nevertheless, it should be pointed out that it is the mutational bias of transitions and transversions that should be considered in computing C and R, but the q values used in the present analysis measure the substitutional bias (Yang and Nielsen 1998) . The substitutional bias is expected to be higher than the mutational bias because transversions are more likely to be nonsynonymous and therefore are removed by selection, thus increasing the transition/transversion ratio. Ideally, q should be estimated from fourfold degenerate sites only. But this will inevitably increase the sampling error when the DNA sequences considered are not very long. In the method presented here, nucleotide mutations are assumed to occur following the Kimura model. In reality, however, the mutational pattern is much more complex than the assumed model (e.g., Gojobori et al. 1982; Li et al. 1984) and the pattern may vary among DNA regions (Casane et al. 1997 ) and species. The influence of these factors on the estimation of the conservative and radical rates has not been well studied and is certainly worth exploring in the future (Li et al. 1984) . To study the difference between transitions and transversions in producing conservative and radical changes, we computed the numbers of synonymous, nonsynonymous, conservative nonsynonymous, and radical nonsynonymous mutations that are expected when one transitional mutation or one transversional mutation occurs (Fig. 5) . These numbers are estimated under the codon frequencies of the 47 genes analyzed. We can see that one transitional mutation is expected to produce 0.34 synonymous mutations and 0.66 nonsynonymous mutations. Among the latter, 66% are conservative and 34% are radical when charge change is considered. That is, 0.44 conservative and 0.22 radical nonsynonymous mutations are expected (Fig. 5A) . In contrast, a transversion causes 0.18 synonymous mutations and 0.82 nonsynonymous mutations. Among the latter, 58% are conservative and 42% are radical. That is, 0.47 conservative and 0.35 radical nonsynonymous mutations are expected (Fig.  5A ). Similar patterns are observed for the other two classifications of amino acids (Figs. 5B and C) . In sum, (1) a transversion is more likely to cause a nonsynonymous change than a transition, as known before; and (2) a nonsynonymous transversion is more likely to be radical than a nonsynonymous transition. This means that the genetic code table is of such a structure that transversions induce more dramatic changes than transitions at two different levels: they produce more nonsynonymous changes and a higher proportion of radical changes.
Program Availability
A program for computing p C , p R , d C , d R , and their variances can be downloaded from www.bio.psu.edu/People/ Faculty/Nei/Lab/.
